Structure and function of the cerebrovasculature is critical for ischemic stroke outcome. We showed that diabetes causes cerebrovascular remodeling by activation of the endothelin A (ET A ) receptors. The goal of this study was to test the hypotheses that vasculoprotective endothelial ET B receptors are decreased and pharmacological inhibition of the ET B receptor augments vascular remodeling of middle cerebral arteries (MCAs) in type 2 diabetes. MCA structure, matrix metalloprotease (MMP) activity, and matrix proteins as well as ET A and ET B receptor profiles were assessed in control Wistar and diabetic Goto-Kakizaki rats treated with vehicle, the ET B receptor antagonist (2R,3R,4S)-4-(1,3-benzodioxol-5-yl)-1-[2-[(2,6-diethylphenyl)amino]-2-oxoethyl]-2-(4-propoxyphenyl)pyrrolidine-3-carboxylic acid (A192621) (30 mg/kg/day), or the dual ET receptor antagonist bosentan (100 mg/kg/day) for 4 weeks. Diabetes increased vascular smooth muscle (VSM) ET A and ET B receptors; the increase was prevented by chronic bosentan treatment. MCA wall thickness was increased in diabetes, and this was associated with increased MMP-2 activity and collagen deposition but reduced MMP-13 activity. Because of up-regulation of VSM ET receptors in diabetes, selective ET B receptor antagonism with A192621 blunts this response, and combined ET A and ET B receptor blockade with bosentan completely prevents this response. On the other hand, A192621 treatment augmented remodeling in control animals, indicating a physiological protective role for this receptor subtype. Attenuation of changes in ET receptor profile with bosentan treatment suggests that ET-1 has a positive feedback on the expression of its receptors in the cerebrovasculature. These results emphasize that ET receptor antagonism may yield different results in healthy and diseased states.
Introduction
The extracellular matrix (ECM) is a dynamic scaffold with the purpose of maintaining the integrity of blood vessels as well as other tissues. Disruption of the delicate balance of ECM synthesis/degradation leads to structural and functional changes in the vasculature often associated with complications of diabetes (Kannel and McGee, 1979; Ding and Triggle, 2010) . Hypertrophic vascular remodeling is associated with both human and experimental diabetes and in both the microvasculature and macrovasculature (Rumble et al., 1997; Harris et al., 2005; Calcutt et al., 2009 ). However, the mechanistic regulation of these events and how it is altered by diabetes is not well understood.
The potent vasoconstrictor ET-1, which is elevated in human and experimental diabetes, has both vasoactive and mitogenic properties that are carried out by two distinct receptor subtypes . ET A receptors located on VSM promote vasoconstriction and cellular proliferation in many cell types. ET B receptors have a putative role of being primarily vasodilatory as well as vasculoprotective (Murakoshi et al., 2002) . However, these receptors produce heterogeneous responses depending on their localization (Mizuguchi et al., 1997) . ET B receptors, located on endothelial cells, do indeed elicit vasodilation via cGMP. However ET B receptors, located on VSM, produce effects akin to the ET A (Schneider et al., 2007; Pollock, 2010) . Mounting evidence suggests that the balance of these receptors within the vasculature may be tipped toward the contractile ET B phenotype under pathological circumstances (Ikeda et al., 2001; Stenman et al., 2002; Alabadi et al., 2004; Matsumoto et al., 2004; Ortmann et al., 2004) . We have demonstrated previously that chronic blockade of the ET A receptor in type 2 diabetes decreases vascular remodeling by attenuation of MMP dysregulation . However, whether and to what extent the ET B receptors contribute to this process and how diabetes affects the ET receptor profile that ultimately influences the net effect of ET-1 on cerebrovascular structure remained unknown. Building on past studies by us and others that demonstrate ET B receptors are vasculoprotective (Murakoshi et al., 2002; Sachidanandam et al., 2007) , the current study tested the hypotheses that endothelial ET B receptors are decreased in diabetes and pharmacological inhibition of the ET B receptor augments vascular remodeling of middle cerebral arteries (MCAs). The rationale was that better understanding of receptor profile and function in disease states will determine the use of ET receptor subtype-selective or nonselective antagonists in the prevention of diabetic complications.
Materials and Methods
Animal Studies. The Medical College of Georgia Institutional Animal Care and Use Committee approved all protocols. Male Wistar (Harlan, Indianapolis, IN) and Goto-Kakizaki (GK; in-house bred, derived from the Tampa colony) rats were used for all studies. All animals were individually housed at the Medical College of Georgia's animal care facility, allowed access to food and water ad libitum, and maintained on a 12/12-h light/dark cycle. During housing, weight and blood glucose measurements were performed twice weekly. Glucose measurements were taken from the tail vein and measured on a commercially available glucose meter (AccuChek; Roche Diagnostics, Indianapolis, IN). Mean arterial blood pressure (mm Hg) was measured either by telemetry or the tail-cuff method, which we validated on animals with telemetric implants. Animals on telemetry had transmitters implanted at week 12 and were allowed to recover for 2 weeks. Mean arterial blood pressure was recorded from weeks 14 through 18. Tail-cuff blood pressure was measured on animals not on telemetry following the same time course (Elgebaly et al., 2007) . Results are given as the average of the readings during the treatment period. The spontaneous onset of diabetes was approximately 6 weeks of age. Starting at 14 weeks of age, animals received either vehicle, the ET B -selective antagonist (2R,3R,4S)-4-(1,3-benzodioxol-5-yl)-1-[2-[(2,6-diethylphenyl)amino]-2-oxoethyl]-2-(4-propoxyphenyl)pyrrolidine-3-carboxylic acid (A192621) (30 mg/kg/day daily by oral gavage), or the dual ET A /ET B receptor antagonist bosentan (100 mg/kg/day food admixture) for 4 weeks. Structures for these compounds were reviewed in Battistini et al. (2006) . This treatment paradigm was based on our previous studies Sachidanandam et al., 2007 Sachidanandam et al., , 2008 . Treatment was maintained until sacrifice at 18 weeks of age. To monitor the vascular changes over the course of the disease, additional control and diabetic animals at 10 weeks (shortly after the onset of diabetes) and 14 weeks (at the start of treatment) were included for morphometry. Animals were anesthetized with sodium pentobarbital and exsanguinated via cardiac puncture.
Vessel Morphometry. Upon sacrifice, the brain was removed and one MCA was perfused with Histogel (Richard Allen Scientific, Kalamazoo, MI), then excised and embedded in the same matrix. Upon gelling of the matrix, the embedded vessel was placed in 10% formalin for storage. The other MCA was excised, snap-frozen in liquid nitrogen, and stored at Ϫ80°C for protein studies. For morphometric analysis, 4-m vessel cross-sections were stained with Masson's trichrome stain. Slides were viewed using an Axiovert microscope (Carl Zeiss Inc., Thornwood, NY), and wall thickness, lumen, and outer diameter were measured using SPOT software (Diagnostic Instruments, Inc., Sterling Heights, MI). In additional control and diabetic animals, MCAs were mounted on the pressurized arteriograph, and after equilibration vessels were fixed in formalin using the quick-transfer freezing chamber at a constant 80-mm Hg intraluminal pressure (Living Systems Instrumentation, Burlington, VT) to confirm that there were no variations in vascular structure caused by inconsistencies that might have occurred during manual perfusion of Histogel.
Tissue Homogenization and Gelatin Zymography. Snap-frozen MCAs were homogenized, and gelatin zymography was performed on them as described previously . Gelatinolytic activity was assessed by densitometric analysis (Gel-Pro version 3.1; Media Cybernetics, Carlsbad, CA). Tissue inhibitor of metalloproteinase-2 (TIMP-2) levels were measured by enzyme-linked immunosorbent assay (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK).
Immunoblotting. MCAs were homogenized in modified radioimmunoprecipitation assay buffer (50 mM Tris-HCl, 1% Nonidet P-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM sodium orthovanadate, and 1 mM sodium fluoride) and sonicated at room temperature for 8-to 10-s bursts. Samples were placed on ice between sonications. Total protein was measured using the Bradford method (Bio-Rad Laboratories, Hercules, CA). Vascular extracts (20 g) were separated on 10% SDS gels and transferred to a nitrocellulose membrane in Tris-glycine transfer buffer supplemented with 20% methanol. The immunoblots were blocked for 1 h in 5% bovine serum albumin diluted in 0.2 M Tris-base, 1.4 M NaCl, 0.1% Tween 20, and 0.02% NaN 3 . MMP-2 and MMP-13 antibodies were from Calbiochem (Cambridge, MA). Collagen type-1 levels were quantified by slot-blot analysis using an antibody from BD Biosciences Transduction Laboratories (San Jose, CA). To determine the effect of diabetes and bosentan treatment on ET receptor expression, in a separate set of vehicle-and bosentan-treated control and diabetic animals, one MCA was frozen intact, and in the other MCA endothelium was denuded by passing an air bubble after the vessel was mounted on a pressurized arteriograph (Miller et al., 2001) . To identify VSM ET receptors (vETs) and endothelial ET receptors (eETs), endothelium-intact (vET A , vET B , and eET B ) and endotheliumdenuded (vET A and vET B ) MCAs were used in immunoblotting experiments using antibodies for ET A and ET B receptors as recommended by the manufacturer (Alomone Labs, Jerusalem, Israel). Specificity of the bands was confirmed by using increasing concentrations of competing peptide for each antibody. eET B was calculated as the difference in band intensities of intact and denuded vessels. In all immunoblotting experiments, bands were visualized using ChemiGlow and images were captured using Alpha Imager from Alpha Innotech (San Leandro, CA). All blots were stripped and reprobed with anti-actin antibody to ensure equal protein loading.
Statistical Analysis. A rank transformation was applied to the data before analysis to address issues of non-normality and heterogeneity of variance (Conover and Iman, 1981) . A 2 ϫ 3 analysis of variance was used to investigate the main effects of disease (Wistar versus GK) and drug (vehicle versus bosentan versus A192621) and the interaction between disease and drug. vET A , vET B , and eET B data were not available on rats treated with A192621, so a 2 ϫ 2 analysis of variance was used to investigate the main effects of disease (Wistar versus GK) and drug (vehicle versus bosentan) and the interaction between disease and drug. Effects were considered statistically significant at p Ͻ 0.05. SAS version 9.2 (SAS Institute, Cary, NC) was used for all analyses.
Results
Animal Data. Metabolic parameters for control and diabetic (GK) animals are summarized in Table 1 . Diabetic animals were significantly smaller than control. Both bosentan and A192621 blockade caused a reduction of body weight in control and diabetic animals. There was no difference in food or water intake of the animals. GK animals displayed higher blood glucose that was not affected by treatments. Blood pressure was similar between control and diabetic animals. Treatment with A192621 elevated blood pressure in both groups.
Morphology of Middle Cerebral Arteries. Diabetic animals exhibited significantly increased wall thickness and wall/lumen (W/L) ratio (Fig. 1 ). There was a disease and treatment interaction such that both bosentan and A192621 increased wall thickness and W/L ratio in controls but decreased them in diabetic animals. To monitor the temporal development of vascular remodeling in this model, morphometry was repeated at three different time points after the onset of diabetes. Wall thickness increased over time in all groups, and there was no difference between control and diabetic rats at 10 or 14 weeks (Fig. 2) . However, at 18 weeks diabetic rats had significantly thicker walls and increased W/L ratio.
MMP Protein Expression and Activity. MMP-2 protein was more abundant in diabetic animals compared with controls, and both receptor antagonists reduced MMP-2 in diabetic animals but not in the control group (Fig. 3A) . MMP-2 activity was slightly greater in diabetic animals. Bosentan, but not A192621, lowered MMP-2 activity to control levels. It is noteworthy that selective ET B blockade with A192621 increased enzyme activity in control but not diabetic rats, indicating a disease and drug interaction (Fig. 3B) . TIMP-2 levels, an endogenous inhibitor of MMP-2, were assessed in MCAs by enzyme-linked immunosorbent assay. There was no disease or treatment effect (Fig. 3C) .
Fibrillar collagenase MMP-13 levels were measured by immunoblotting. There was a trend for lower MMP-13 protein in diabetic animals, and bosentan but not A192621 treat- Downloaded from ment increased enzyme levels (Fig. 4A ). In the control group, on the other hand, selective ET B blockade with A192621 decreased MMP-13, indicating that there is a disease and treatment interaction so that A192621 treatment is affecting vessels from control rats differently. In accordance with the MMP-13 levels, collagen type 1 levels were higher in diabetic animals (Fig. 4B ). Dual blockade with bosentan normalized collagen deposition, whereas A192621 was not as effective. In the control group, bosentan had no effect, but A192621 treatment increased collagen levels. ET Receptor Expression. VSM ET A and ET B receptors, as determined by thicker immunoreactive bands detected on endothelium-denuded samples, were increased in diabetic animals (Fig. 5, A-C) . Bosentan treatment reduced receptor expression to control levels. Endothelial ET B receptors were similar between groups, and bosentan treatment had no effect (Fig. 5D ).
Discussion
Maintenance of extracellular matrix homeostasis is an important event to ensure proper structure and function of vessels. Numerous studies have demonstrated medial hypertrophy and increased media/lumen ratios in the peripheral vessels in diabetes Rumble et al., 1997; Gilbert et al., 2000; Intengan and Schiffrin, 2000) . However, much less is known about the effects of diabetes on the cerebrovasculature where blood flow is tightly regulated to maintain a relatively stable cerebral perfusion. We have demonstrated previously that experimental type 2 diabetes induces vascular remodeling of MCAs and ET A receptor blockade partially prevented this response, implicating a role for ET-1 in the regulation of this process . Given that the ET B receptor subtype is a clearance receptor and may serve to balance the ET A receptor-mediated actions Fig. 2 . MCA morphology shortly after onset of diabetes (10 weeks), at the start of treatment (14 weeks), and at the end of the treatment (18 weeks). Summary of W/L ratio (A) and wall thickness (B) indicate that MCA structure is comparable at the beginning of the treatment but by 18 weeks diabetic animals develop significant remodeling. Results are given as mean Ϯ S.E.M., n ϭ 4 -8. ‫,ء‬ p Ͻ 0.001 versus other groups. Fig. 3 . MMP-2 protein and activity levels in MCAs from diabetic and control MCAs. A, MMP-2 protein was elevated in diabetes and was restored to control levels by ET receptor blockade. Representative immunoblot is shown below the histogram. B, MMP-2 activity was also greater in diabetes and reduced to control levels by either treatment. It is noteworthy that A192621 increased MMP-2 activity in control animals without a change in protein levels. A representative zymogram is shown below the histogram. C, Levels of TIMP-2 protein, endogenous MMP-2 inhibitor, were not different among groups. Results are given as mean Ϯ S.E.M., n ϭ 6 -8 in all groups except control ϩ A192621 ϭ 3. ‫,ء‬ p Ͻ 0.05 versus control. ‫,ءء‬ p ϭ 0.0005 disease and treatment interaction. #, p Ͻ 0.05 versus diabetes.
of ET-1, the goals of the current study were to determine 1) the effect of diabetes on cerebrovascular ET receptor subtype expression and 2) the relative roles of ET receptors in cerebrovascular remodeling by taking advantage of selective and dual ET receptor antagonists. Important findings are 1) endothelial ET B receptors that counterbalance ET-1-mediated vascular contraction and remodeling are not changed but rather the contractile and proliferative VSM ET A and ET B receptors are increased in diabetic animals, 2) dual ET receptor antagonism completely prevents vascular remodeling in diabetic animals, 3) because of changes in ET B receptor expression in diabetic animals, selective ET B receptor blockade also prevents remodeling response in diabetic animals but worsens it in control animals, indicating a protective role for this receptor subtype under physiological conditions, and 4) chronic treatment with bosentan alters ET receptor levels. Collectively, these findings strongly suggest that ET receptor antagonism may result in different responses under control and disease conditions.
The vascular effects of ET-1 are mediated by two receptor subtypes: ET A and ET B . ET A receptors are located on smooth muscle cells and mediate vasoconstriction and proliferation, whereas ET B receptor locations/actions vary. ET B receptors located on endothelial cells mediate relaxation via cGMP, whereas ET B receptors are located on smooth muscle cells and behave as ET A receptors. It has been demonstrated that diabetes up-regulates vascular ET B receptor expression. Mumtaz et al. (1999) found increased ET B receptor density in Fig. 4 . Differential effect of ET receptor antagonism on MMP-13 and collagen levels in control and diabetic animals. A, MMP-13 protein was decreased in diabetes and was restored to control levels by either ET receptor blockade. Selective ETB receptor blockade with A192621 but not bosentan reduced MMP-13. B, ET receptor antagonism prevented the increase in collagen type 1 in diabetes, but selective ETB blockade caused an increase in control animals. Results are given as mean Ϯ S.E.M., n ϭ 6 -8 in all groups except control ϩ A192621 ϭ 3. ‫,ء‬ p Ͻ 0.05 versus control vehicle. ‫,ءء‬ p ϭ 0.0039 disease and treatment interaction. ‫,ءءء‬ p ϭ 0.0001 disease and treatment interaction. Fig. 5 . Effect of diabetes and bosentan treatment on VSM and endothelial cell ET receptors. Endothelium-intact (vETA, vETB, and eETB) and endothelium-denuded (vETA and vETB) MCAs were used in immunoblotting experiments, and eETB was calculated as the difference in band intensities of intact and denuded vessels. A, representative immunoblots are shown. B and C, ETA (B) and vETB (C) receptor density measured on endothelium-denuded vessels was increased in diabetes and was restored to control levels by bosentan treatment. D, there was no disease or treatment effect on eETB protein levels. Results are given as mean Ϯ S.E.M. ‫,ء‬ p Ͻ 0.001 versus control. ‫,ءء‬ p Ͻ 0.001 versus vehicle.
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at ASPET Journals on May 22, 2017 jpet.aspetjournals.org the diabetic rabbit urinary bladder, whereas Ikeda et al. (2001) showed a significantly increased ET B gene expression in streptozotocin diabetic rat adrenal glands. Most notably, contractile ET B receptors are up-regulated in rat MCAs after focal cerebral ischemia (Henriksson et al., 2003) . This apparent change of receptor balance has been noted in functional studies as well. Diabetes-mediated ET-1 hyper-reactivity is attenuated in cerebral arteries after ET B receptor blockade (Alabadi et al., 2004; Matsumoto et al., 2004) , producing effects similar to those observed with ET A antagonism. In the current study, we found increased ET A and ET B receptors on VSM. This explains our past and current findings. Selective ET A blockade or ET B receptor antagonism as in the current study partially prevents cerebrovascular remodeling, suggesting that ET-1 through the unoccupied receptors still promotes restructuring of vessels, and when dual antagonism is applied remodeling is completely prevented. Another factor contributing to this response may be the fact that dual antagonism with bosentan not only prevents receptor activation but also reduces VSM ET receptors, indicating that ET-1 has a positive feedback on the expression of its receptors in the cerebrovasculature.
Previous studies have demonstrated that ET-1 influences ECM dynamics in diabetes. In diabetic animals, ET-1 receptor antagonism prevents ECM deposition in the retina as well as in renal arteries (Evans et al., 2000; Gilbert et al., 2000) . Amiri et al. (2004) have demonstrated that endotheliumrestricted overexpression of ET-1 causes marked hypertrophic remodeling and endothelial dysfunction in mice. Similar to our previous results, Spiers et al. (2005) reported attenuation of increased vascular MMP-2 activity after ET antagonism, whereas others have shown that treatment with the ET A -selective antagonist sitaxsentan reduces postmyocardial infarction left ventricular dilation as well as MMP activity in cardiac tissue (Podesser et al., 2001) . These observations indicate a putative role for ET in the regulation of MMPs, which are important for the regulation of ECM dynamics. We showed that MMP-2 activity is increased in the cerebrovasculature in diabetes, which may contribute to the activation of various growth-promoting signals mediating vascular remodeling . Growing evidence suggests that MMPs not only degrade the matrix but also stimulate formation of matrix. In the current study, MMP-2 protein and activity were increased in diabetes, which was reduced by ET antagonism. MMP activity may be regulated by endogenous inhibitors such as TIMP-2, but in the current study we did not detect any significant changes in TIMP-2 levels by disease or treatment. However, it has to be noted that there was a trend for increased MMP-2 activity and a corresponding decrease in TIMP-2 levels in control animals treated with A192621. We also found that another MMP class enzyme, collagenase MMP-13, is significantly decreased in diabetes, which may explain increased collagen deposition. Whereas dual ET B receptor blockade completely restored MMP-13 levels in diabetic animals, selective blockade impaired collagenase activity in control animals and mediated collagen deposition. ET-1 has been shown to stimulate collagen synthesis and fibrosis (Iglarz and Clozel, 2010) . In our study we did not investigate collagen expression; therefore, we cannot differentiate whether prevention of collagen deposition is caused by improvement of MMP-13 activity or inhibition of collagen synthesis. However, our findings provide strong evidence that ET-1 modulates MMP proteins.
We hypothesized that ET B receptor blockade would block the vasculoprotective effects of endothelial ET B receptors and exacerbate vascular remodeling in diabetes. Conversely, we found that ET B blockade significantly reduced medial hypertrophy and decreased W/L ratio. This was completely unexpected based on previous reports of enhanced neointimal hyperplasia and medial thickening (Murakoshi et al., 2002) after genetic deletion or pharmacological inhibition of ET B receptors and our studies that showed enhancement of mesenteric resistance vessel remodeling after ET B receptor blockade . Intriguingly, in the mesenteric circulation, we did not find any changes in ET B receptor expression in diabetes , which may explain the differences with the results of the current study. Our findings provide strong evidence that there is a delicate balance of vascular and endothelial ET receptors. When this balance is optimal, blockade of ET B receptors either directly via inhibition of ET B receptor activation or indirectly through the activation of ET A receptors leads to remodeling. Because recent studies suggest a rather complex and antihypertensive effects of ET B receptors, it is also possible that elevated blood pressure with A192621 may contribute to cerebrovascular remodeling in control animals (Pollock, 2010) . However, the fact that both treatments prevent remodeling in diabetic animals despite similar increases in blood pressure argues against this possibility. These results point to a contrasting effect of ET B blockade in control and diabetic animals. Although concomitant ET A blockade does not add or subtract from effects mediated by selective ET B blockade in controls, additional ET A blockade improves beneficial effects of ET B antagonism in diabetes. When the vascular/endothelial ET receptor balance is compromised as we found in the diabetic animals in the current study, vascular ET A and ET B receptors override protection conferred by the endothelial ET B receptors and therefore dual ET A /ET B receptor blockade completely restored indices of remodeling to control values.
There are several technical limitations of the current study. First, because of the limited availability of the selective ET B antagonist A192621 we had a relatively small number of animals in the control group, and the receptor density studies were performed only in the bosentan treatment group. Second, we measured ET receptor densities by immunoblotting because receptor binding studies require significantly more MCA samples and additional animals treated with these antagonists are needed. Along the same lines, eET B receptor density was determined by an indirect method. Although antibodies yielded specific bands in immunoblots, immunohistochemical studies to determine endothelial versus VSM ET B receptors were not clear (data not shown). We have also observed a 10 to 15% weight loss in both control and diabetic animals treated with antagonists. Our finding that treated control animals show increased remodeling despite weight loss argues against the fact weight loss may be contributing to the beneficial effects observed in diabetic animals. However, the cause of weight loss and effect on remodeling endpoints need to be studied further. Despite these shortcomings, our results have demonstrated that selective ET B receptor antagonism exerts different effects under physiological or diabetic conditions and dual ET receptor blockade completely prevents cerebrovascular remodeling in diabetes. These findings emphasize that the relative ET A and ET B receptor density is an important determinant of response to ET receptor antagonist treatment especially in disease states.
